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CAVITATION DAMAGE IN LIQUID METALS

Technical Progress Report
For the Period

1 April - 31 May 1965

I. ABSTRACT
3/5% 3
Cavitation damage resistance of Stellite 6B, 316 stainless
steel, Cb-132M, TZM and T-222 in liquid sodium at 4OOOF, 1000°F
and 15OOOF is reported. The test duration is an important pa-
rameter in evaluating their relative resistance. Stellite 6B

exhibits the best resistance among the metals tested.

High frequency fatigue results for 316 stainless steel and
TZM in liquid sodium at 1000°F and at 1500°F are presented. The
fatigue of 316 stainless steel in 15OOOF sodium at 14000 cps is
compared with the results obtained in IBOOOF vacuum (3 X 10_5
torr) at 4-5 cps and there seems to be good agreement between

these results.

No stress corrosion cracking of 316 stainless steel was

observed in 1OOOOF sodium up to 100 percent yield over a test

period of 60 hours. Jpeddsr
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II. INTRODUCTION

This is the third progress report of a continuing investi-
gation on the cavitation damage resistance of refractory alloys
in high temperature liquid sodium. A controlled environment
test facility is being operated under this program. The details
of this facility are described in References 1 and 2. Using
this facility, the effect of temperature of liquid sodium on the
cavitation damage resistance of 316 stainless steel was studied
and the results were reported in the previous progress report
(Reference 3). Further experimental results on the cavitation
damage resistance of T-222, TZM, Cb-132M and Stellite 6B at
400°F, at 1000°F and 1500°F are presented in this report. In
addition, high frequency fatigue of 316 stainiess steel and TzZM
in liquid sodium at 1000°F and 1500°F is also reported. Stress
corrosion experiments on 316 stainless steel in 1OOOOF sodium

are described in this report.

IIT. RESULTS AND DISCUSSION

1. Cavitation Damage Resistance of Five Candidate Metals

Test Conditions

Cavitation damage tests were conducted with a magneto-
striction oscillator located in a controlled environment test
facility using liquid sodium. The sodium purity at 15000F could
be maintained around 35 ppm over an extended period of 8 hours
(Reference 2). The test specimens were vibrated with a double
amplitude of 1.36 X 102 inch at a frequency of about 14 kes.
The test procedure was based on the detailed study reported in

Reference 4.
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Materials Tested

The materials tested under this program are:

(a) 316 stainless steel
(b) TzM

(c) T-222

(d) Cb-132M

(e) Stellite 6B

The composition and the known properties of these materials
are outlined in Reference 2. While 316 stainless steel and
Stellite 6B are fairly well known, the other three alloys, TZM,
T-222 and Cb-132M are relatively new refractory alloys specifi-

cally developed for high temperature space applications.

Cavitation Damage Test Results

Figures 1 through 5 show the effect of testing time on
the rate of damage in 400°F sodium for all of the above five
metals. A summarized presentation in Figure 6 reveals the im-
portance of knowing these relationships for these metals in
order to evaluate their resistance to cavitation damage. In
the steady state zone where damage rate is independent of test-
ing time, the five metals tested at 400°F may be placed in the

following order of merit starting from the best:

(a) Stellite 6B

(b) Cb-132M

(¢) T-222

(3) T2M

(e) 316 stainless steel
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An examination of Figure 6 shows that while T-222 requires
fourteen hours to reach steady state, TZM reaches the steady
state in only three hours although their mechanical properties
(including strain energy) alone cannot explain this large varia-
tion. The fact that the curves cross each other indicates that
each one of the five metals tested exhibits its own character-
istic response which is not readily understood at this stage of
knowledge. We believe that an explanation of these specific
response characteristics 1s possible through a deeper under-
standing of the behavior of these metals to high rates of strain-
ing at elevated temperatures and of the process of energy accumu-
lation during repeated loading. For example, the behavior of
TZM and 316 stainless steel offers an interesting comparison.
While TZM exhibits a higher peak in less than fifteen minutes,
316 stainless steel damages more in the steady state. Figure 7
shows the cavitation damage resistance of the five alloys in
sodium at 1OOOOF and 15OOOF, and Figure 8 shows photographs of
the cavitation damage pattern in the steady state zone (with

the exception of Stellite) after exposure to 15000F sodium,

A typical plot of the reciprocal of the rate of volume
loss versus their estimated (approximate) strain energies as
given in Reference 2 for the four metals at normal strain rates
(at which metals are generally tested) is shown in Figure 9. The
data for Stellite 6B is not plotted since it was not tested in
the steady state zone. In spite of the irregular behavior pointed
out above, the data obtained generally confirm the earlier find-

ings that the energy absorption characteristics of metals during
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fracture represent their cavitation damage resistance. However,
much more detailed and intensive investigations are necessary

for confirming these relatively limited results because of the
lack of mechanical properties at these temperatures and at these
high strain rates. 1In fact, it has recently come to our atten-
tion that the strain energy estimated for TZM in this report was
based on the short time tensile strength of the recrystallized
material. The short time tensile strength of stress-relieved,
as-rolled TZM is 30 percent lower than that of the recrystallized
form,

2. High Frequency Fatigue Behavior of 316 Stainless Steel and
TZM in High Temperature Sodium

To understand the relationship between the cavitation dam-
age resistance and the environmental fatigue behavior of metals,
high frequency fatigue tests on 316 stainless steel and TZM were
conducted in liquid sodium at two temperatures (1OOOOF and
1500°F). The basic principle of the testing method is to pro-
duce the required alternating stresses in a properly designed
fatigue specimen by means of the magnetostriction oscillator.
The details of this technique and the design procedures have

been described in Reference 2.

Part of the test program has been completed during this
reporting period. The test parameters developed under this pro-
gram for the successful operation of these tests are summarized
in Table 1. Figures 10 through 13 show the results of these
fatigue tests for 316 stainless steel and for TZM at two tem-
peratures (1000°F and 15000F) in pure sodium. In Figure 11
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the results of low frequency (4-5 cps) fatigue tests on 316 stain-
less steel at 1500°F in 3 x 10~° torr vacuum (Reference 5)are
shown along with the data obtained from the present high fre-
quency fatigue data in IBOOOF sodium at 14000 cps. In addition,
the steep decrease in stress level of TZM (See Figure 13 for
example) points out the brittle nature of TZM at these tempera-
tures. The large scatter of the data for TZM can be accounted
for by (a) the cold working properties, (b) the relative in-
homogeneity of this metal and (c) possibility of machining ir-
regularities. The TZM specimens were prepared from 1/2 inch
diameter rod stock which was initially stress relieved for

1/2 hour at 2250°F. However, no further heat treatment was ap-
plied after machining and polishing the fatigue specimens. The

same remarks are applicable to the cavitation damage specimens.

Further fatigue experiments have been planned in sodium
with 200 + 50 ppm Oz impurity to study effect of Oz impurities
on these two metals at temperatures of 1000°F and 15OOOF.

3. Stress Corrosion Experiments on 316 Stainless Steel

Another aspect of this program is related to the study of
the stress corrosion behavior of 316 stainless steel and TZM
in high temperature liquid sodium. For this purpose, a split
ring type of stress corrosion specimen has been selected. The
relative merits of this type of specimen have already been dis-
cussed (Reference 2). During this reporting period, 316 stain-
less steel specimens were fabricated and tested at various

stress levels after calibration.
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The relationship between the maximum deflection SV produced
by a load P in a thin split ring of thickness, d and breadth, b

(see Figure 14), is given by the following equation (Reference 6):

_ é6ér Pr° (1]
E bd®

)
v

where

E is the modulus of elasticity of the material, and

r is the radius of the thin ring.

Figure 15 shows the comparison between theory and actual measured
values of load and deflection by means of a variable reluctance
force gage. Furthermore, the maximum fibre stress corresponding

to a deflection 6V is given by

o = [2]

By fabricating the entire specimen assembly from the same
material, no additional stresses will be introduced upon heating
as all parts will expand equally - however, the appropriate
value of the Youngs modulus E for the given temperature must be

used in calculating the stresses.
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A 60 hour test was performed in 1000°F liquid sodium
( = 35 ppm Oz impurity) on 316 stainless steel at 3 stress levels
(100 percent, 75 percent and 50 percent of yield strength). How-
ever, no stress corrosion cracking was observed in this test as

shown in Figure 16.

IV. CONCLUSIONS

The following conclusions may be drawn from results obtained

thus far under this program.

1. Relative cavitation damage resistance exhibited by
the five high temperature alloys tested in this program depends
upon zone of damage in which the comparison is made. This re-
sult further emphasizes the necessity for obtaining detailed in-
formation on all the four zones of damage for a meaningful com-

parison.

2. Among the metals tested, Stellite 6B seems to
possess the best cavitation damage resistance. Incidentally,
this metal possesses the highest estimated strain energy among

the metals tested,.

3. While there is general evidence that the energy
absorbing characteristics of these metals during fracture repre-
sent the cavitation damage resistance, much more detailed in-
formation is necessary in this area of research at high tempera-

tures and at high straln rates.
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4, A comparison between the fatigue data at 4-5 cps
using 316 stainless steel in 3 x 10~° torr vacuum at 1500°F
and the fatigue data at 14000 cps for the same metal in 1500°F
liquid sodium does not show much deviation between the two re-
sults. This result points out the absence of strain rate effects
and corrosion fatigue effects in the present fatigue tests with

316 stainless steel.

5. The stress corrosion test on 316 stainless steel
in IOOOOF liquid sodium up to a stress of 100 percent yield did

not show any cracking over a test period of 60 hours.

V. WORK TO BE ACCOMPLISHED DURING NEXT REPORTING PERIOD

During the next reporting period it is planned to complete
the fatigue tests to determine the effect of 200 ppm Oz con-
tamination in liquid sodium. The stress corrosion experiments
will be completed. A few more tests on the cavitation damage
resistance of 316 stainless steel and TZM in liquid sodium con-
taminated with 200 ppm oxygen will be conducted. The data will

be analyzed and the final report will be prepared.
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FIGURE 7 — CAVITATION DAMAGE RESISTANCE OF REFRACTORY ALLOYS
IN HIGH TEMPERATURE LIQUID SODIUM

(1000° AND 1500° F)
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STELLITE 6B

FIGURE 8 -PHOTOGRAPHS OF CAVITATION DAMAGE ON REFRACTORY
METALS IN PURE LIQUID SODIUM UP TO i500°F
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FIGURE 14- DESIGNATION FOR STRESS ANALYSIS IN A SPLIT RING SPECIMEN
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FIGURE 16 —PHOTOGRAPH OF 3I6 STAINLESS STEEL STRESS
CORROSION SPECIMENS AFTER 60 HOURS TEST IN I000°F

PURE LIQUID SODIUM. (NO CRACKS APPEARED UP TO I00% YIELD)
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ERRATA

Please make the following cdorrections to the first
technical progress report, "Cavitation Damage In Liquid Metals,"
by C. E. Couchman, III, H. S. Preiser and A. Thiruvengadam,

NASA CR-54332, TPR 467-1, HYDRONAUTICS, Incorporated, Laurel,

Maryland, 10 March 1965,

Page 16: Formula should be changed to read correctly as follows:

T_ar
f

V3 fn

Page 23: First sentence should read - (2) Stellite 6B - A co-
balt based alloy with a relatively moderate (1.1 percent) car-
bon content, making it one of the easier of the cobalt alloys

to form and work.

Page 23: 3rd paragraph, last line should read - Excellent cor-
rosion resistance is probably due to the formation of hafnium

carbides.



